Edible bananas result from interspecific hybridization between Musa acuminata and Musa 17 balbisiana, as well as among subspecies in M. acuminata. Four particular M. acuminata 18 subspecies have been proposed as the main contributors of edible bananas, all of which radiated 19 in a short period of time in southeastern Asia. Clarifying the evolution of these lineages at a 20 whole-genome scale is therefore an important step toward understanding the domestication and 21 diversification of this crop. This study reports the de novo genome assembly and gene annotation 22 of a representative genotype from three different subspecies of M. acuminata. These data are 23 combined with the previously published genome of the fourth subspecies to investigate 24 phylogenetic relationships and genome evolution. Analyses of shared and unique gene families 25 reveal that the four subspecies are quite homogenous, with a core genome representing at least 26 50% of all genes and very few M. acuminata species-specific gene families. Multiple alignments 27 indicate high sequence identity between homologous single copy-genes, supporting the close 28 relationships of these lineages. Interestingly, phylogenomic analyses demonstrate high levels of 29 gene tree discordance, due to both incomplete lineage sorting and introgression. This pattern 30 suggests rapid radiation within Musa acuminata subspecies that occurred after the divergence 31 with M. balbisiana. Introgression between M. a. ssp. malaccensis and M. a. ssp. burmannica was 32 detected across a substantial portion of the genome, though multiple approaches to resolve the 33 subspecies tree converged on the same topology. To support future evolutionary and functional 34 analyses, we introduce the PanMusa database, which enables researchers to exploration of 35 individual gene families and trees. 36 3
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Moreover, the availability of multiple reference genome sequences opens the way to so-75 called pangenome analyses, a concept coined by Tettelin et al. (2005) . The pangenome is defined 76 as the set of all gene families found among a set of phylogenetic lineages. It includes i) the core 77 genome, which is the pool of genes common to all lineages, ii) the accessory genome, composed 78 of genes absent in some lineages, and iii) the species-specific or individual-specific genome, 79
formed by genes that are present in only a single lineage. Identifying specific compartments of 80 the pangenome (such as the accessory genome) offers a way to detect important genetic 81 differences that underlie molecular diversity and phenotypic variation (Morgante et al. 2007) . 82
Here, we generated three de novo genomes for the subspecies banksii, zebrina and 83 burmannica, and combined these with existing genomes for M. acuminata ssp. Klutuk Wulung' or PKW). We carried out phylogenomic analyses that provided evolutionary 90 insights into both the relationships and genomic changes among lineages in this clade. Finally, 91
we developed a banana species-specific database to support the larger community interested in 92 crop improvement. 93 topologies ( Table 2) . We also examined topologies at loci that had bootstrap support greater than 123 90 for all nodes, also finding all 15 different topologies ( Table 2) . Among trees constructed from 124 whole genes, topologies ranged in frequency from 13.12% for the most common tree to 1.92% 125 for the least common tree ( Table 2) with an average length of the 1342 aligned nucleotide sites 126 for CDS and 483 aligned sites for proteins. Based on these results, gene tree frequencies were 127 used to calculate concordance factors on the most frequent CDS gene trees ( Table 2) , 128 demonstrating that no split was supported by more than 30% of gene trees (Figure 2B) . 129 Therefore, in order to further gain insight into the subspecies phylogeny, we used a combination 130 of different approaches described in the next section. 131
Inference of a species tree 132
We used three complementary methods to infer phylogenetic relationships among the sampled 133 lineages. First, we concatenated nucleotide sequences from all single-copy genes (totaling 134 11,668,507 bp). We used PHYML to compute a maximum likelihood tree from this alignment, 135 which, as expected, provided a topology with highly supported nodes ( Figure 3A ). Note that this 136 topology (denoted topology number 1 in Table 2 ) is not the same as the one previously proposed 137 in the literature (denoted topology number 7 in Table 2 ) (S. Figure 1 & 2) . 138
Next, we used a method explicitly based on individual gene tree topologies. ASTRAL 139 (Mirarab & Warnow 2015) infers the species tree by using quartet frequencies found in gene 140 trees. It is suitable for large datasets and was highlighted as one of the best methods to address 141 challenging topologies with short internal branches and high levels of discordance (Shi & Yang 142 2017) . ASTRAL found the same topology using ML gene trees from single-copy genes obtained 143 from protein sequences, CDSs, and genes ( Figure 3C) . 144
Finally, we ran a supertree approach implemented in PhySIC_IST (Scornavacca et al. 145 2008) on the single-copy genes and obtained again the same topology (Figure 3B) . PhySIC_IST 146 first collapses poorly supported branches of the gene trees into polytomies, as well as conflicting 147 branches of the gene trees that are only present in a small minority of the trees; it then searches 148 for the most resolved supertree that does not contradict the signal present in the gene trees nor 149 contains topological signal absent from those trees. Deeper investigation of the results revealed 150 that ~ 66% of the trees were unresolved, 33% discarded (pruned or incorrectly rooted), and 7 therefore that the inference relied on fewer than 1% of the trees. Aiming to increase the number 152 of genes used by PhySIC_IST, we included multi-copy OGs of the core genome, as well as some 153
OGs in the accessory genomes using the pipeline SSIMUL (Scornavacca et al. 2011 ). SSIMUL 154 translates multi-labeled gene trees (MUL-trees) into trees having a single copy of each gene (X-155 trees), i.e. the type of tree usually expected in supertree inference. To do so, all individual gene 156 trees were constructed on CDSs from OGs with at least 4 M. acuminata and M. balbisiana genes 157 (n=18,069). SSIMUL first removed identical subtrees resulting from a duplication node in these 158 trees, it then filtered out trees where duplicated parts induced contradictory rooted triples, 159 keeping only coherent trees. These trees can then be turned into trees containing a single copy of 160 each gene, either by pruning the smallest subtrees under each duplication node (leaving only 161 orthologous nodes in the tree), or by extracting the topological signal induced by orthology 162 nodes into a rooted triplet set, that is then turned back into an equivalent X-tree. Here we chose 163 to use the pruning method to generate a dataset to be further analyzed with PhySIC_IST, which 164 lead to a subset of 14,507 gene trees representing 44% of the total number of OGs and an 165 increase of 80% compared to the 8,030 single-copy OGs. This analysis returned a consensus 166 gene tree with the same topology as both of the previous methods used here (Figure 3B) . 167
Evidence for introgression 168
Although much of the discordance we observe is likely due to incomplete lineage sorting, we 169 also tested for introgression between subspecies. The ABBA-BABA test (Green et al. 2010) was 170 conducted to detect an excess of either ABBA or BABA sites (where "A" corresponds to the 171 ancestral allele and "B" corresponds to the derived allele state) in a four-taxon phylogeny 172 including three M. acuminata subspecies as ingroups and M. balbisiana as outgroup. Because 173 there were five taxa to be tested, analyses were done with permutation of taxa denoted P1, P2 174 and P3 and Outgroup (Table 3) . Under the null hypothesis of ILS, an equal number of ABBA 175 and BABA sites are expected. However, we always found an excess of sites grouping 176 malaccensis ('DH') and burmannica ('C4') ( Table 3) 
. This indicates a history of introgression 177 between these two lineages. 178
To test the direction of introgression, we applied the D 2 test (Hibbins and Hahn, 179 unpublished) . While introgression between a pair of species (e.g. malaccensis and burmannica) 180 always results in smaller genetic distances between them, the D 2 test is based on the idea that gene flow in the two alternative directions can also result in a change in genetic distance to other 182 taxa not involved in the exchange (in this case, banksii). We computed the genetic distance 183 between banksii and burmannica in gene trees where malaccensis and banksii are sister (denoted 184 d AC |A,B) and the genetic distance between banksii and burmannica in gene trees where 185 malaccensis and burmannica are sister (denoted d AC |B,C). The test takes into account the genetic 186 distance between the species not involved in the introgression (banksii) and the species involved 187 in introgression that it is not most closely related to (burmannica). We identified 1454 and 281 188 In this study, we used a de novo approach to generate additional reference genomes for the three 205 subspecies of Musa acuminata; all three are thought to have played significant roles as genetic 206 contributors to the modern cultivars. Genome assemblies produced for this study differ in 207 quality, but the estimation of genome assembly and gene annotation quality conducted with 208 BUSCO suggests that they were sufficient to perform comparative analyses. Moreover, we 209 observed that the number of genes grouped in OGs were relatively similar among subspecies, 210 indicating that the potential over-prediction of genes in 'Maia Oa' and 'Calcutta 4' was mitigated 211 during the clustering procedure. Indeed, over-prediction in draft genomes is expected due to 212 fragmentation, leading to an artefactual increase in the number of genes (Denton et al. 2014) . 213
Although our study is based on one representative per subspecies, Musa appears to have a 214 widely shared pangenome, with only a small number of subspecies-specific families identified. 215
The pangenome analysis also reveals a large number of families shared only among subsets of 216 species or subspecies (Figure 1) 
M. acuminata subspecies show a high level of discordance between individual gene trees 221
By computing gene trees with all single-copy genes OG, we found widespread discordance in 222 gene tree topologies. Topological incongruence can be the result of incomplete lineage sorting, 223 the misassignment of paralogs as orthologs, introgression, or horizontal gene transfer (Maddison 224 1997 we determined that we could not accurately reconstruct either nucleotide substitutions or gene 230 gains and losses among the genomes analyzed here. 231
In our case, the fact that all possible subspecies tree topologies occurred, and that ratios 232 of minor trees at most nodes were equivalent to those expected under ILS, strongly suggests the 233 presence of ILS (Hahn & Nakhleh 2016) . Banana is a paleopolyploid plant that experienced 234 three independent whole genome duplications (WGD), and some fractionation is likely still 235 occurring (D'Hont et al. 2012) (S. Table 6 ). But divergence levels among the single-copy OGs 236 were fairly consistent (Figure 2A) , supporting the correct assignment of orthology among 237 sequences. However, we did find evidence for introgression between malaccensis and 238 burmannica, which contributed a small excess of sites supporting one particular discordant 239 topology ( Table 3) . This event is also supported by the geographical overlap in the distribution 240 of these two subspecies (Perrier et al. 2011) . 241
The species tree topology supported by all methods used here is different from the tree 242 previously proposed in the literature (S. Figure 1) . ' Figure 3) . 303
Sequencing and assembly 304
Genomic DNA was extracted using a modified MATAB method (Risterucci et al. 2000) . DNA 305 libraries were constructed and sequenced using the HiSeq2000 (Illumina) technology at BGI (S. 306 
